Introduction
Frontal lobe epilepsy (FLE) is the second most likely medically intractable focal epilepsy benefitting from surgical treatment secondary to temporal lobe epilepsy (TLE). Long-term postoperative seizure free rate is 13-47%. [1] [2] [3] [4] One reason for less favorable postoperative outcome in FLE is epileptic activity propagates rapidly and localizing the epileptic network in the frontal lobe is difficult even with invasive electroencephalography monitoring (IEEG). 5 Another reason is that important functional cortex is localized in the frontal lobe, for example the motor and eloquent cortex, therefore may lead to incomplete disintegration of the epileptic network.
Single Photon Emission Computed Tomography (SPECT), a single method alone is only rarely available to provide comprehensive localization information to proceed to surgery. Invasive methods on the other hand may cause unbelievable suffers and sometimes severe complications 6, 7 which also have only a limited field of view. MEG and EEG source localization as non-invasive evaluation methods in the presurgical evaluation of patients with epilepsy may additionally contribute to detection and localization of focal epileptic activity and also to the functional mapping of eloquent cortex. [8] [9] [10] [11] [12] [13] Only few studies, with a limited number of patients and short follow-up time, focus on clinical relevance of source localization in FLEs. [8] [9] [10] [11] [12] [13] Recent studies have shown that MEG is able to guide invasive EEG implantation and resections. 8, [14] [15] [16] Others show MEG can localize the hypothetical epileptogenic zone and subsequent 'clusterectomy' relates to better outcome. 8, 13, [17] [18] [19] [20] To truly evaluate the value of MEG source localization in the specific population of FLE patients, large study populations are needed, taking into account the location of equivalent current dipole (ECD) clusters in relation to the lesion and resection cavity with a long-term postoperative outcome. In the present retrospective study, a large number of patients with presumable FLE and a presurgical MEG investigation followed by resective epilepsy surgery and long term follow-up were included. Correlation of outcome over time with MEG localization relative to the lesion, etiology and completeness of resection were investigated. We hypothesized that complete resection of MEG epileptic clusters in FLE may cause at least a considerable improvement or even long term seizure freedom.
Materials and methods

Patients
We reviewed all patients meeting the following inclusion criteria at the Epilepsy Center of the University Erlangen Hospital from 1991 to 2012, and the Reference Center for Refractory Epilepsy of Ghent University Hospital from 2009 to 2012: patients with (1) diagnosis of drug resistant focal FLE; (2) MEG, EEG (scalpVideo EEG or/and IEEG), MRI and neuropsychological evaluation during their presurgical evaluation; (3) resective epilepsy surgery and with a postoperative follow-up of at least 6 months; (4) availability of histopathology. Cortical resection were performed in forty six FLE (28 male). The characteristics of the 46 patients with FLE are listed in Table 1 .
Presurgical evaluation protocol
Before surgery, all patients underwent a spectrum of noninvasive or invasive diagnostic investigations. All patients underwent scalp-video EEG monitoring with 21-27 or 48 EEG electrodes placed using the international 10/20 system (Usingen, Germany). All recruited patients underwent high-resolution and fluidattenuated inversion recovery (FLAIR) imaging MRI using a 1.5 or 3 T SP system (Siemens, Erlangen, Germany) with a standardized epilepsy protocol. MEG was also performed in all patients (see below). Neuropsychological tests (e.g. Wada test) were performed to confirm the dominant hemisphere. Results of noninvasive evaluation were discussed in a multidisciplinary conference, where the decision was made to proceed to surgery, obtain more noninvasive testing, or perform an invasive evaluation.
MEG
MEG data at Ghent University Hospital were acquired using the whole head 306 channel Elekta Neuromag system (Vectorview & MaxShield; Elekta Neuromag Oy, Helsinki, Finland) installed at the ULB-Hospital Erasme (Brussels, Belgium), the characteristics of which have been described in former publication. 21, 22 MEG data at University Hospital Erlangen were acquired using a 74-channel, two-sensor system (Magnes II; 4-D Neuroimaging, San Diego, CA, USA) in a magnetically shielded room (Vakuumschmelze, Hanau, Germany) from 1995 to 2009. Each MEG sensor consisted of 37 first-order gradiometers with a 5-cm baseline and an average distance between channels of 2.8 cm. In 2010 and 2011, patients were investigated at the Department of Neurology, University Hospital Magdeburg, Germany, using a 148 magnetometer-and a 248-magnetometer whole-head system (WHS2800, WHS3600, 4-D Neuroimaging, San Diego, CA, USA). Starting 2012, patients were investigated in Erlangen, using a 248 magnetomer wholehead system (WH3600, 4-D Neuroimaging).
In both centers, epileptic spikes were visually identified. Single dipole analysis assuming a spherical head model was performed using magnetic source imaging (MSI) software (in Erlangen 4-D Neuroimaging, San Diego, CA, USA; in Ghent, dipole modeling tools from Elekta Neuromag Oy). Methods used for MEG data acquisition and analysis at both centers have been described in details in former publications. 8, 10, [22] [23] [24] [25] The MRI was co-registered with MEG using landmarks and head position indicator coils digitized prior to the MEG and MRI acquisition. A cluster in this study has at least 5 dipoles. The MEG localization was identified as either ''mono-'' or ''multi-focal''. Multi-focal in this study was defined as dipoles lying in multiple lobes or in different compartments of the same lobe but having no close relationship with each other. If several ECDs localize around one lesion or show a close relationship with the lesion, this situation is defined as 'monofocal' cluster ( Fig. 1) . After localization, the positional relationship between the localized epileptic activity, the lesion and the resection cavity was inspected. According to the completeness of resection volume of MEG monofocal activity, we defined three groups: completely resected, incompletely resected and not resected at all. MEG localization foci were categorized as frontal basal (FB), frontal lateral (FL), frontal polar (FP), frontal mesial (FM), frontal pre-central (FPr), frontal central (FC) and frontal opercula insular (FO) areas for the purpose of analysis.
Follow up strategy
At the time of first follow up six month after surgery, postoperative MRI scan were acquired. Then, 1y, 2y, 3y and 5y follow up were scheduled. Surgical outcome of the patients were classified by Engel classification 26 at the latest follow-up. Early recurrence defined seizures occurring in the first postoperative year, while seizure reoccurrence after 1 year was defined as late recurrence.
Statistical analysis
Data were analyzed using SPSS 20.0 Software for Windows (SPSS, IBM). Descriptive statistics were used for all variables, including means, medians, and standard deviations for continuous variables and frequencies for categorical variables. We compared seizure-free patients and those with seizure recurrence, monofocal and multifocal MEG localization groups and etiologies using univariate analysis: Wilcoxon rank-sum, chi-square, and Fisher exact tests, followed by multivariate analysis using Cox proportional hazard modeling with statistical significance set at 5% level. A multivariate analysis (linear regression) analyzing the good outcome (Engel I) taking into account MEG localizations within the resection (complete, partial, not at all) and completeness of lesionectomy (partial, complete, extended), as well as MEG localizations within the resection and concordance of interictal and ictal VEEG with a lesion in all patients with the respective information and surgical procedure. Kaplan-Meier survival analysis, Cox Regression and General Linear Independent Pairwise Comparisons were done to calculate the probability of seizure freedom within the different time courses and different conditions. Statistical significance was tested using the log-rank test and comparison of 95% confidence intervals (CIs).
Results
Overall seizure free rate and seizure outcome predictors
The overall seizure free rate (Engel IA) was 47.9% at the mean follow-up of 5.0 AE 4.0 years (median 5.0y, range 0.5-17y). The longitudinal seizure free rate is illustrated in Fig. 2A . According to the survival analysis, the estimated chance of total seizure freedom of FLE was 73.9% at 6 months after surgery, 57.1% at 1 year, 55% at 2 year, 51.9% at 3 year and 47.9% at 5 year and beyond. Among those 52.2% who had a follow up time more than 5 years, the seizure freedom rate was 50% (5-17y). Wald chi-square test showed the seizure recurrence mainly occurs within the first year (early recurrence) and 1 year after surgery (p = 0.003) in the late recurrence stage.
Two independent sample tests showed independent prognostic factors: monofocal MEG localizations (p = 0.022) closely related to better outcome (Engel I). Surgery on non-dominant hemisphere (p = 0.006) related to better outcome (Engel I). Age at surgery, first seizure age, gender, duration and surgery type did not predict outcome.
MEG localization and prognosis
Focal epileptic activity was observed in 82.6% (38/46) patients (monofocal activity 81.6% vs. multifocal activity 18.4%) ( Table 2 ). In the monofocal group, 58.1% (18/31) patients were seizure free at the mean follow-up of 4.6 AE 4.0 years (median 4, range 0. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] while no patients with (0/7) multifocal epileptic activity on MEG were rendered seizure free. In the group of patients without epileptic activity recorded on MEG (no activity group) 62.5% (5/8) became seizure free. Both MEG monofocal localization and no focal finding groups had higher seizure free rate than multiple focal (p = 0.028). Cox regression showed that MEG localization with monofocal epileptic activity predicts a better outcome for postoperative seizure freedom than multifocal localization (Fig. 2B) .
Of the 31 monofocal epileptic cluster patients, MEG localizations were completely resected in 70.9% (22/31) of patients and partially resected in 19.4% (6/31) of patients. For the remaining 3 cases (9.7%) the MEG localization was not resected at all. Cox regression showed that patients with completely removed MEG clusters have higher seizure free rates compared to patients who underwent only partial resection (Fig. 2C ). An example of MEG monofocal epileptic activity that was not resected with a Engel IIIA postoperative outcome is shown in Fig. 3 .
According to the relationship between MEG monofocal epileptic cluster and lesionectomy, the 31 monofocal epileptic cluster 
Relation of MEG localization and pathology
Five main groups of pathologies were differentiated: tissue defect (15 patients: postoperative defect 9, posttraumatic defect 6), tumors (12), focal cortical dysplasia 27 (8: FCD type IIA 4, FCD type IIB 4), unspecific gliosis (5) and vascular malformations (6) ( Table 3A) . All 8 FCD patients with MEG monofocal epileptic clusters, six had Engel Class IA outcome, 1 had Engel Class IB and 1 had Engel Class IIIA. In 3 of the 8 FCD patients, MEG localizations were found not just in the lesion but also beyond the lesion. In the tissue defect group, 40% patients achieved seizure freedom. All of the MEG monofocal cluster located in the edge of the lesion. In the vascular malformation group, 50% of the cases with a cavernous malformation showed no MEG spikes and the rest 50% had MEG activity just congruent to the MRI lesion. 80% of cavernous malformation (4/5) became seizure free. Only 33.3% (1/3) of the tumor patients were seizure free. DNT, ganglioma, astrocytoma had predominantly monofocal activity localization and seizure free outcome (Table 3A) . Results of the eight patients with FCD type II are listed in Table  3B . All of them presented with monofocal epileptic clusters on MEG, five lay in the lesion, two lay anterior and inferior to the lesion (<3 cm) and one lay far behind the lesion (>3 cm). 87.5% patients had good interictal VEEG localization concordant with the lesion. Four of them also had corresponding ictal VEEG. Six had corresponding invasive EEG congruent with MEG localizations were more closely related to the outcome. In seven patients, complete resection was performed rendering them six seizure free and one Engel IB, while one patient underwent partial resection resulting in Engel IIIA outcome (Table 3B ).
Discussion
This is the first MEG guided FLE study analyzing long-term outcome in correlation to localization of epileptic activity. In this study, including a large number of FLE patients, 47.9% of patients are rendered seizure-free in a long term postoperative follow up of more than 5 years. The seizure free rate decreases over time, especially during the first postoperative year, depending on the MEG localization and completeness of activity resection. MEG location outside the MRI lesions that were not completely resected correlated with a poor prognosis. Patients with FCD type II have adjacent MEG monofocal cluster localization to the lesion and also good postoperative outcome. In regard to the type of tumor, DNT, ganglioma and other benign tumors showed a higher seizure free rate after surgery compared to other tumor types.
Our results show that the actual chance of seizure-freedom varies greatly with postoperative time. Early seizure recurrence in the first year after surgery occurred in 41.3% patients but after one year the recurrence rate is only 8.7%. Then seizure free rate is slightly decreased by 2-3% per year and gradually stabilized after 5 years. This is mentioned by a recent study indicating two distinct mechanisms of early and late surgical failure after FLE surgery. 1 The early seizure recurrence is mainly driven by inaccurate localization or incomplete resection of a currently active intractable epileptic focus 1, 4, 28 and late seizure recurrences clinically behave more like new onset epilepsy rather than residual intractable. 1, 4, 29 This is reflected in our results by patients with multifocal activity and incomplete removal of MEG localizations, showing early seizure recurrence in comparison to monofocal findings and complete resections. In late recurrence, decrease over time of seizure freedom became similar ( Fig. 2B and C) . Previous studies show indicators of postoperative outcome in FLE such as duration of epilepsy, completeness of resection, acute postoperative seizures, side of surgery and need to use invasive EEG recordings. 1, 3, 4, 30, 31 In our study, Cox regression analysis shows that resection in the dominant hemisphere predicts worse outcome (RR = 3.41, p = 0.018). In the presurgical evaluation methods, ictal EEG is congruent with surgery lesion might reveal better prognosis (RR = 3.98, p = 0.022). It is reasonable to believe that the dominant hemisphere is more related to functional cortex and therefore lesions could not be resected completely. Average epilepsy duration from first seizure to surgery is 12-20 years, 2,3,32 16 .5 years in our study, which could be lowered significantly by early surgery. 1 MEG may contribute to shortening the duration from first seizure to surgery. Successful outcomes can be achieved in a highly selected group of patients in early epilepsy stage, non-dominant hemisphere, focal epileptic activity restricted to the lesion, and in whom a complete resection of epileptic activity is possible. In our study, half of the MEG clusters do not co-localize completely with the lesion but are adjacent to the lesion. MEG localizations close to the lesion marked the lesion or its surrounding network as epileptogenic. Therefore lesionectomy alone is often not enough, resective surgery should be considered to include the MEG activity. 9, 13, 14, 33 In our study, if the monofocal cluster was completely included in resection volume, 68.2% achieved seizure free outcome at the mean follow up of 4.6 years, which is 20% higher than the overall rate in our cohort. This suggests that monofocal epileptic clusters may be interpreted as a stable hub well localized by MEG and restricted in its extent, which offers the best chances of cure when completely resected. It is in agreement with findings, which were able to show that the completeness of resection of MEG foci correlated strongly with good outcome. 13, 34 On the contrary, multifocal epileptic clusters may be involved in a more complex network, or related to multiple epileptogenic foci. In this case, it is very difficult to resect them all without damage of functional cortex. In case of multiple clusters, effective connectivity analysis may identify the epileptic driver region and improve resection strategies. 35 Among seven anatomic compartments subdivided based on MEG localizations, MEG localization with good postoperative outcome mostly locate in Mono = monofocal activity; multi = multiple activities; no = no activity; CM = cortical malformation; DNT = dysembryoplastic neuroepithelial tumor; SF = seizure freedom; NSF = non-seizure freedom.
the FL, FM and FB compartments. This might be due to different etiology or due to the compartmental network organization (Table 4) . MEG can guide or replace invasive recordings in focal intractable FLE patients. 8, 14, 15, 36, 37 In our study, high postoperative seizure freedom rate is obtained even in those 28.3% patients who did not have invasive presurgical recordings but a MEG evaluation. MEG might provide good focal localization of epileptic networks in patients with FLE. For example, in case #1 in FCD type II patients, the Intracranial EEG finding was quite corresponding to the lesion and MEG cluster was just partially resected, which did not result in seizure freedom. Vice versa, in case #8, even without Intracranial EEG study, seizure freedom could be achieved by complete removal of the MEG cluster (Table 3B) . Several studies report that FCD may not be detectable on MRI scans, but a MEG-guided review of MRI may reveal subtle abnormalities and permit a precise surgical excision of the epileptogenic zone. 17, 20 In contrast, all eight FCD type II patients in our study present focal lesions with congruent MEG localization and good postoperative outcome. For patients with MRI negative findings, it may be advised to apply MSI. 17 MEG-guided review of normal MRI can reveal subtle lesions that had been overlooked during prior clinical interpretations, so MEG is also a valuable tool in preoperative evaluation of patients with intractable focal epilepsy and normal MRI. 17, 38 The main limitations of this study are its retrospective design. In addition, the analysis involves several generations and different providers of MEG systems, as well as differences in methodology, which might cause some variation in MEG localization.
Conclusion
The data indicates that non-invasive MSI of epileptic activities contribute to the prediction of postoperative outcome in FLE Table 3B FCD type II patients in patients. This offers the possibility that source localization may disclose a hub of epileptic network or epileptogenic foci early, point to a resectable lesion, and facilitate shortcutting of presurgical evaluation by improving non-invasive or replacing invasive evaluation in patients with FLE.
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